Hyphal development in CanrEida dbkans was selectively blacked by the ornithine decarboxylase competitive inhibitor 1,4-diamhobutanone (DAB). Inhibition of hyphal development required DAB during both yeast inoculum growth and subsequent incubation at 37 "C to induce mycelial growth. This effect was not due to general growth inhibition since DAB did not inhibit yeast growth, and reduced protein synthesis by 30% at most. Moreover, protein synthesis was unaffected by DAB when cells were pre-grown in drug-containing media. Since DAB inhibited dimorphic trausition at 37"C, morphology-and temperaturedependent protein synthesis could be distinguished. DAB stimulated the synthesis of several yeast wall-proteins, irrespective of morphology or growth temperature, and two at 37 "C only, but it inhibited the synthesis of a single mya?lial-spdk glymproteh species.
Inhibition of the dimorphic transition of Candida albicans by the ornithine decarboxylase inhibitor 1,4-diaminobutanone: alterations in the glycoprotein composition of the cell wall
Introduction
Candida albicans is an important opportunistic pathogenic fungus, and is also polymorphic, although two forms (the budding yeast and septate mycelium) are the most frequently found (for reviews see Odds, 1988; Soll, 1985) . These two morphologies occur in infected tissues, and no clear differences in pathogenicity can be ascribed to them (Odds, 1988) . However, it appears that the hyphal form is involved in the early stages of invasion, penetrating into the tissues (Anderson & Odds, 1985; Cawson & Rajasingham, 1972; Farrel et al., 1983; Rajasingham & Cawson, 1982) , adhering to epithelia (Anderson & Odds, 1985; Kimura & Pearsall, 1980; Sandin & Rogers, 1982; Sobel & Obedeanu, 1983) , and avoiding phagocytosis (Smith, 1985) . The mechanisms involved in the yeast-mycelial transition of C. albicans are therefore important for both theoretical and practical reasons.
Abbreviations : DAB, 1,4diaminobutanone; ODC, ornithine decarboxylase; Con A, concanavalin A; mAb, monoclonal antibody.
Polyamines are required for cellular growth and differentiation in many organisms (Heby, 198 1 ; Tabor & Tabor, 1984) , and for spore germination in several fungi (Kim, 1971 ; Mennucci et al., 1975; Stevens et al., 1976; Inderlied et al., 1980) . More recently, we have shown that elevations in the pool levels of polyamines precede all differentiation processes in Mucor rouxii, including the yeast-mycelium transition Martinez-Pacheco et al., 1989) . These variations were accompanied by changes in ornithine decarboxylase (ODC) activity. ODC is the key enzyme controlling polyamine biosynthesis (Heby, 1981 ; Tabor & Tabor, 1984) . In M . rouxii, inhibition of ODC by the reactionproduct analogue 1,4-diaminobutanone (DAB) blocked spore germination at the transition between the isodiametric and polarized growth stages , aerial mycelium formation, and the dimorphic yeast-to-mycelium transition (MartinezPacheco et al., 1989) .
In order to investigate whether polyamines play a role in the morphogenesis of C. albicans, we have studied the effect of DAB on the dimorphic transition of this fungus. (closed symbols) of 50 m-DAB, and incubated at 28 "C. At intervals, 1 ml samples were withdrawn, and radioactivity in TCA-insoluble material was measured.
Methods
Strain and culture conditions. Candida albicans ATCC 26555 was used in this study. It was maintained on slants of Sabouraud dextrose medium (Difco). Unless otherwise indicated, a loopful was inoculated into liquid synthetic medium (Lee et al., 1975) and incubated with shaking at 28 "C for 14-16 h. Cells were recovered by centrifugation at 3000 g for 10 min, washed twice with sterile distilled water, resuspended in sterile distilled water and kept at 4 "C for 48-96 h to produce starvation. In some experiments cells were starved in sterile distilled water containing 50 m-DAB.
Development of yeast or mycelial forms. Starved cells were inoculated into liquid synthetic medium to a final density of 1 mg (dry weight) ml-l (as calculated from a standard curve relating dry weight to optical density at 600 nm), and incubated in a shaking water bath at 28 "C to obtain the yeast form, or at 37 "C to develop the mycelial form. The detailed description of the protocol followed to obtain yeast cells and mycelium has been described previously (Casanova et al., 1989) . At intervals, 1 ml samples were removed, and radioactivity in TCAinsoluble material was measured.
Labelling with radioactive precursors. Cells were grown in the medium described by Lee et al. (1975) , except that galactose (12.5 g 1-l) was substituted for glucose, and peptone (20 g 1-l) was added. Cells were grown for 12-14 h, recovered by centrifugation, washed and starved as described above, and inoculated into medium of the same composition supplemented with either 7.4 kBq ml-' of [U-3H]mamose (sp. act. 11.1 GBq ml-l) or 11.1 kBq ml-l of [14C]protein hydrolysate [sp. act. 2.1 GBq (milligramatom carbon)-']. At intervals, samples were recovered, precipitated with an equal volume of 10% TCA, at 4 "C for 4 h, filtered through glass fibre filters (Schleicher & Schuell), washed with TCA and ethanol, and dried. The radioactivity present in the dried filters was measured by liquid scintillation in a Beckman LS-7500 counter. Alternatively, radioactive cultures were used to obtain cell walls.
Cell wall preparation and protein solubilization by digestion with Zymolase. Cell walls from blastoconidia or mycelium were obtained and washed as described by Casanova et al. (1989) . Zymolyase treatment (10 pg of enzyme complex per 100-150 pg of purified cell walls) afid recovery of the released' glycoproteins was performed as described by Casanova et al. (1989) .
Indirect immwtopuorescence for detection of cell surface antigens. This was done as described by Casanova et al. (1989) .
SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and blotting.
These were performed essentially as described by Martinez et ul. (1 989) and Casanova et al. (1989) . 
Diaminobutanone and dimorphism in Candida albicans

Results and Discussion
Inhibition of the yeast-mycelial transition by DAB
Incubation of starved cells of C. albicans at 37 "C resulted in mycelial growth, hyphae reaching maximal length after 5-7 h. After 7-8 h, mycelial cells started to produce new blastospores (see Odds, 1988) . Addition of DAB to these cultures did not inhibit mycelial growth, although in the presence of high concentrations (25-50 mM) of the drug, yeast formation in mycelial cultures occurred at shorter time periods, and formation of pseudo-mycelium was noticeable. Thus in 7-h-old control cultures, only about 10% of the mycelial cells possessed buds, whereas in the presence of DAB, the proportion increased to about 80%. These results were unaffected when DAB was added to C. albicans during the starvation period at 4 "C as well. On the other hand, when the inoculum was grown in the presence of 25-50m~-DAB, and maintained in its presence during the starvation period and after transfer to fresh medium at 37 "C, the whole population grew in the yeast form. When a DAB-grown inoculum was starved in the presence of DAB, but grown at 37 "C in the absence of the drug, only partial recovery of mycelial growth was observed. These results are evidence that, as in other organisms (Tabor & Tabor, 1984) , polyamines play a key role in differentiation of C. albicans. Why it is necessary that DAB be present during the growth of the cells used as inoculum to prevent mycelial transition, in contrast to M. rouxii (Ruiz-Herrera & Calvo-Mendez, 1987), remains unknown. Preliminary observations suggest that penetration of DAB into the cells occurs by an inducible mechanism. Thus previous exposure of the cells to the drug may be necessary for its uptake.
Efect of DAB on the growth of C. albicans
At the concentration used ( 5 0 m~) , DAB did not significantly affect the growth of C. albicans as measured by optical density. Therefore its effect on hyphal formation cannot be ascribed to a general phenomenon of growth inhibition. In further experiments, we measured the incorporation of radiolabelled mannose or amino acids into the cells. Using the protocol described in Methods, it has been previously demonstrated that more than 80% of the added mannose is incorporated into mannoproteins (M. V. Elorza & R. Sentandreu, unpublished observations). Fig. 1 shows that 50 mM-DAB inhibited mannose incorporation by about 10-20%, but only at the late periods of growth of yeast cells, when incorporation reached a plateau, probably because labelled precursors were exhausted. Amino acid incorporation into proteins was inhibited by about 30% (Fig.  1) . Pre-incubation of the cells in the presence of DAB affected their further response to the drug. Synthesis of proteins was slightly stimulated (37 "C) or was not affected (28 "C) by DAB when cells had previously been grown in the presence of the drug. When cells were pregrown in the absence of DAB, a slight inhibitory effect by the drug was noticed (Fig. 2) .
Efect of DAB on the selective synthesis of cell wall mannoproteins in C. albieans
There are important differences in the protein composition of the yeast and hyphal cell walls of C. albicans. These differences may be morphogenetically important, and may also affect cell surface properties such as antigenic variation, adhesin expression, cell surface hydrophobicity (Casanova et al., 1989; Douglas, 1987 ; Elorza et al., 1985 ; Sundstrom et al., 1987) . Accordingly, we analysed the changes induced by DAB in the composition of mannoproteins which are released after digestion of the glucan mesh by Zymolyase treatment. Previous reports from our group indicate that these mannoproteins are the most important in the structural organization of the cell wall (Elorza et al., 1989) . This approach is useful in distinguishing those differences directly related to the morphogenetic process from those which are induced by the different temperatures used for yeast or mycelial growth. We observed that of the total radiolabelled protein synthesized, between 0.2% and 0.3% was incorporated into the cell wall, and about 60-70% of this was released by Zymolyase treatment, whether cells were pre-grown in DAB or not. These proteins were subjected to SDS-PAGE and autoradiography. Several interesting observations were made regarding the low-molecular-mass proteins synthesized under different conditions (Fig. 3) . Several proteins were synthesized at a specific temperature independently of morphology or presence of DAB in either growth period. Proteins E and F were synthesized mainly at 37 "C whereas protein D was synthesized at 28°C only. Proteins A and B increased independently of growth temperature, when DAB was included in the growth medium, whereas levels of proteins C and G were increased at 37 "C when DAB was included in the growth medium.
Mannoproteins isolated from non-radiolabelled cell walls were analysed by SDS-PAGE, followed by blotting and staining with Concanavalin A (Con A). The results (Fig. 4) show that formation of the very high-molecularmass (> 650 kDa) glycoproteins (Fig. 4 , bands C and D) was reduced when the cells were pre-grown in the presence of the drug. Note that when unlabelled cell walls are analysed, proteins present in both the yeast inoculum and the yeast or mycelial offspring are visible, whereas the use of radioactive precursor (Fig. 3) , labels only the proteins synthesized by the offspring. The two glycoprotein bands specifically associated with the mycelial cell walls (Fig. 4 , bands A and B) (Casanova et al., 1989; Elorza et al., 1985) were reduced in intensity when DAB was added during mycelium formation (Fig.  4, lane 4) , and completely absent under the conditions in which DAB inhibits mycelial formation (Fig. 4, lane 8) . Removal of DAB during the growth period, a condition which allows partial mycelium formation, gave rise to partial synthesis of the two glycoproteins, although they appeared less polydisperse than in the normal mycelial cells (compare lanes 3 and 7 in Fig. 4) .
The latter results were confirmed by use of the monoclonal antibody (mAb 4C 12 ; Casanova et al., 1989) raised against an antigenic determinant present specifically in the polypeptide moiety of high-molecular-mass mannoproteins from the mycelial cell walk (Casanova et al., 1989; Elorza et al., 1989) . Synthesis of the mycelialspecific wall antigen was inhibited under conditions where mycelial formation was blocked by addition of DAB (Fig. 5, lane 8) . Absence of DAB during growth of the inoculum, or during further incubation at 37°C which did not inhibit (at least not completely) mycelial formation, permitted partial synthesis of the antigen (Fig. 5, lanes 3 and 7) .
Inhibition of the synthesis of the mycelial wall-specific antigen was also assessed by direct immunofluorescence analysis of cells grown in the presence of the drug ( Fig. 6d, f) compared to control cells where mycelial formation proceeded normally (Fig. 6 b) .
mycelial formation in C. albicans, and switches off the expression of a normal mycelial wall antigen while allowing the expression of normal yeast wall mannoproteins. They also suggest that the high-molecular-mass In conclusion, our results establish that DAB inhibits mannoprotein which contains the mycelial-specific antigen recognized by mAb 4C12 may play an important role in the morphogenetic process of the fungus.
